The wide range of commercial cultivars of Medicago sativa and the large number of differentiable strains of Rhizobium meliloti present the problem of matching host and symbiont for maximal contribution of symbiotically fixed nitrogen to the nitrogen economy of this important forage legume. Many local isolates taken from fields in southern Ontario have been found to show high capability for infection, yet the resulting nodules express low nitrogenase activity and do not support growth on N-free media under sterile conditions in plastic pouches.
The wide range of commercial cultivars of Medicago sativa and the large number of differentiable strains of Rhizobium meliloti present the problem of matching host and symbiont for maximal contribution of symbiotically fixed nitrogen to the nitrogen economy of this important forage legume. Many local isolates taken from fields in southern Ontario have been found to show high capability for infection, yet the resulting nodules express low nitrogenase activity and do not support growth on N-free media under sterile conditions in plastic pouches.
The production of hydrogen gas is a common attribute of alfalfa nodules infected with any known strains of R. meliloti. R. meliloti does not express an uptake hydrogenase enzyme system in nodules, yet some strains with nitrogenase activities within the normal range may produce more hydrogen gas relative to the measured capacity for acetylene reduction (6) . The physiological basis for this difference may lie in bacteroid respiratory activity in vivo, which in turn is determined by oxygen supply via leghemoglobin (1) which are directly involved in nitrogenase activity. The energy charge or ratio of adenine nucleotides has a pronounced effect on nitrogenase activity and the distribution of reducing equivalents between protons and dinitrogen (2, 4, 10) . Some strains of R. meliloti contribute to the production of greater yields of plant dry matter after 2 and 4 weeks of growth of a given cultivar (J. C. Sirois, and E. A. Peterson, Can. J. Microbiol., in press). Observed differences in the ratio of hydrogen evolved to acetylene reduced by intact nodules could have a bearing on yields produced during growth on symbiotically fixed nitrogen. The possibility that some combinations of alfalfa cultivar and inoculum strain can result in more effective symbiosis than others indicates that the identification of simple parameters which can predict optimal performance would be of practical value.
To correlate measured metabolic activities and yields of symbiotically grown M. sativa-R. meliloti strain combinations, five isolates of the bacterial symbionts having widely varying nitrogenase activities in vivo were combined with four representative cultivars of M. sativa. Nitrogenase activities, hydrogen production, and dark respiratory activity of undisturbed 4-weekold plants were measured together with infectivity (nodules/plant), yield (milligrams of dry mat- (5, 11) . After an initial incubation in the dark for 45 min at 25°C, CO2 and H2 evolved were measured in separate sets of 0.5-ml samples by gas chromatography. Ten percent of the bottle headspace was exchanged with freshly generated acetylene, and a second 45-min incubation was carried out in the dark. Carbon dioxide and ethylene evolved during this period were then determined in separate 0.5-ml gas samples.
Gas chromatography was carried out at 70°C on 2-m-long Porapak N columns (C2H2, C2H4, C02) or on a 1-m Porapak N column in series with a 2-m molecular sieve column (H2). Flame ionization detection was used for ethylene, whereas CO2 and H2 peaks were detected by thermal conductivity. Gas Acetylene completely inhibits both H2 evolution and N2 reduction; hence, the reduction of acetylene provides a measure of total electron flux through the nitrogenase system, whereas H2 evolution is a measure of the amount of electron flux and energy flow utilized for the reduction of protons in an in vivo physiological situation. The efficiency parameter represents the fraction of electron flux through the nitrogenase enzyme system which is actually available for the reduction of dinitrogen in bacteroids in vivo (7) .
After the analyses described above, nodules were counted and carefully excised. Respiration and nitrogenase-catalyzed activities were determined in 37-mI stoppered serum bottles during two successive 0.5-h incubation periods. Relative humidity in the bottles was maintained at 100%. Nodules and plant tops were dried and weighed. Plant seedlings in uninoculated control pouches had no visible nodules and no measurable nitrogenase activity, and they evolved no measurable hydrogen. These plants had an average mass of 4.1 ± 0.6 mg/plant for all of the test cultivars.
The data obtained from replicate analyses by all analytical procedures were subjected to multifactorial analysis of variance according to Steel and Torrie (9) . Correlations of pairs of parameters were obtained by linear regression analysis (8) . Tables 1 through 8 give mean values together with calculated least-significant differences at the 0.05 level of confidence for nitrogenase activities, efficiency, respiration, infectivity, nodule weight, and yield of dry matter after 4 weeks growth. Table 1 shows a wide range of nitrogenase activities; strains L29 and L19 were relatively ineffective on all cultivars, whereas significant cultivar differences were noted for strain L26. Strain 102F70 was significantly more effective with Saranac than with Apollo. A similar pattern was exhibited by hydrogen evolution ( Table 2 ). The efficiency parameter considered alone showed no consistent pattern; ineffective straincultivar combinations may be relatively efficient by this criterion. Table 9 shows linear correlations between pairs of variables taken from Tables 1 through 8. A high, positive correlation between hydrogen evolution and nitrogenase activity as measured by acetylene reduction was observed. Similarly, the total nodule dry weight per plant was highly correlated with nitrogenase activity. The highest observed correlation (r = 0.805) between yield and parameters based on enzyme activity was obtained with the algebraic product of nitrogenase activity and efficiency. Whole-plant dark respiration also was closely correlated with yield. This activity was clearly determined by the mass of the 4-week-old seedlings. Somewhat lower but still convincing correlations were obtained for nitrogenase activity and yield or for yield and nodule number per plant. A relatively poor correlation was found between yield and defined efficiency.
RESULTS
Excised nodules showed a very high correlation between respiration and nitrogenase activity. This correlation was sufficiently striking to suggest that rates of endogenous respiration of photosynthate reserves might substitute for determination of acetylene reduction rates with nodules from 4-week-old plants grown on N-free media. However, the ratio of nodular nitrogenase activity to nitrogenase activity of the intact, undisturbed plant system varied widely, indicating either variation in the amounts of photosynthate reserve available in the nodules or variable damage to nodules on excision (5, 11) . Excised nodules could not, therefore, be used as a reliable indicator of nitrogenase activity present in undisturbed roots of various cultivarstrain combinations.
A relatively good correlation between nodule specific activity (nanomoles of ethylene per hour per milligam of nodule dry weight) and overall plant yield was obtained, indicating that variations in nitrogenase activity between excised nodules and whole plants may have been due at least in part to differences in photosynthate reserves. Little or no correlation was found between yield and the ratio of nodular nitrogenase activity to respiration.
Estimates of the significance of observed differences in the responses of the four cultivars to the five R. meliloti strains were made from F APPL. ENVIRON. MICROBIOL. vars for field use. However, the competitive ability of inoculum strains must also be considered in recommendations for use under field conditions. The bases for the differences determined under aseptic conditions are indicated in Table 10 . Rhizobium strain traits appear to be predominantly determinant for infectivity and for defined efficiency of symbiotic nitrogen fixation. Cultivar contributions to nodule weight and nitrogenase activity are apparent (F < 0.01), however. Further investigations of the physiological conditions prevailing in efficient nitrogen-fixing nodules are required to fully define the causes of variation in efficacy between different host-symbiont combinations.
